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Abstract
The heavy singlet Majorana neutrinos are introduced to generate the neutrino mass in the
so-called phenomenological type-I seesaw mechanism. The phenomena induced by the heavy
Majorana neutrinos are important to search for new physics. In this paper, we explore the
heavy Majorana neutrino production and decay at future e−p colliders. The corresponding
cross sections viaW and photon fusion are predicted for different collider energies. Combined
with the results of the heavy Majorana neutrino production via single W exchange, this
work can provide helpful information to search for heavy Majorana neutrinos at future e−p
colliders.
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1 Introduction
The neutrino oscillation experiments show that the neutrinos have minor non-zero masses, which
are compelling for new physics beyond the standard model. The phenomena induced by the
neutrino mass generating mechanism are important to search for new physics and attract more
and more attention. To generate the neutrino mass, the natural way is to introduce the seesaw
mechanism. Among them, one simple model is to introduce the heavy right-handed Majorana
neutrinos NR, which is known as the famous type-I seesaw mechanism [1–5]. The key point to test
the type-I seesaw model is to search for the existence of NR. In this kind of model, besides the
Dirac neutrino mass term νLMDNR, which comes from the Yukawa interactions, the right-handed
neutrino NR and its charged-conjugate counterpart (NR)
c can also form a Majorana neutrino
mass term (NR)cMRNR, where the effective neutrino mass matrix can be given by the seesaw
formula Mν ≈ −MDM−1R MTD , and the smallness of Mν can be attributed to the large mass scale
of MR. Explicitly, the Majorana neutrino mass term (NR)cMRNR violates the lepton-number
by two units (∆L = 2), so we can probe the Majorana neutrino production signal through the
lepton-number violating processes.
The search for Majorana neutrinos via the lepton-number violating process has been studied.
At the low Majorana neutrino mass region, the experiments of the interesting processes, such
as the well known neutrinoless double beta decays (N(A,Z) → N(A,Z + 2) + 2e−) [6], the
rare decays of the meson (M±1 → M∓2 ℓ±1 ℓ±2 ) [7] and tau decays (e.g. τ± → ℓ∓M±1 M±2 ) [8] are
explored to set the strong constraints on both the heavy Majorana neutrino mass and the related
mixing parameters with the charged-leptons [9]. For the Majorana neutrino mass above the
electroweak scale, its production has been investigated at various collider experiments (for review,
we refer to Ref. [10, 11]). At hadron colliders, the most widely studied mode is the Drell-Yan
process via a single virtual W boson [12–14]. Due to the collinear logarithmic enhancement in
t-channel exchange of massless gauge boson, the vector boson fusion process is important for the
higher Majorana neutrino mass [15–18]. At higher collider energies, the gluon luminosity grows
faster, so that the heavy Majorana neutrino production via the gluon fusion process becomes
interesting [19, 20]. At e+e− colliders, the Majorana neutrino production can be studied via
the processes, e.g. t-channel W ∗ exchange, s-channel Z∗ exchange [21, 22]. Complementary to
search for the lepton-number violating processes at hadron colliders and e+e− colliders, in this
work, we focus on the heavy Majorana neutrino production and decay in the context of W ∗γ
interaction at e−p colliders, which is sub-dominant contribution with respect to the t-channel W ∗
exchange process [23–25]. These studies are helpful to search for heavy Majorana neutrinos in
various rapidity region at future e−p colliders. As shown in Ref. [9], the general amplitude of
∆L = 2 process is proportional to the Majorana neutrino mass, and the light Majorana neutrino
contribution is strongly suppressed due to the small neutrino mass, we only consider the heavy
Majorana neutrino. The mixing parameter between electron and the heavy Majorana neutrino is
strictly constrained [26, 27] and the tau lepton is hard to be reconstructed, therefore we purely
concentrate on the di-muon production channel at future e−p colliders, e.g. LHeC [28], FCC-
ep [29], ILC⊗FCC [30].
This paper is organized as follows. A simple model is briefly introduced in Section 2, and the
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numerical results and discussions are obtained in Section 3. Finally, a short summary is given.
2 Phenomenological type-I seesaw model
Within the standard model, neutrinos are massless in the absence of right-handed neutrinos.
However, recent neutrino oscillation experiments have clearly shown that neutrinos are massive.
In order to explain the smallness of neutrino masses, many new physics models have been proposed.
A simple extension of the standard model is to introduce three heavy right-handed neutrino singlets
NR and the gauge-invariant Lagrangian relevant for the neutrino masses can be written as
−Lneutrino = ℓLYνH˜NR +
1
2
(NR)cMRNR + h.c. , (1)
where ℓL and H˜ ≡ iσ2H∗ respectively denote the left-handed lepton doublet and Higgs doublet,
and NR the right-handed neutrino singlet. Yν is the 3 × 3 neutrino Yukawa coupling matrix and
MR the symmetric right-handed Majorana neutrino mass matrix. After the spontaneous gauge
symmetry breaking, the neutrino mass terms appear as
−Lmass = νLMDNR + 1
2
(NR)cMRNR + h.c.
=
1
2
(
νL (NR)
c
)( 0 MD
MTD MR
)(
(νL)
c
NR
)
+ h.c. . (2)
Here (νL)
c and (NR)
c are respectively defined as (νL)
c = CνL
T and (NR)
c = CNR
T
with C
being the charge-conjugation operator. MD = Yν〈H〉 is the Dirac neutrino mass matrix with
〈H〉 ≈ 174 GeV being the Higgs vacuum expectation value. Since the right-handed neutrinos NR
are SU(2)L gauge singlets and thus the Majorana neutrino mass term (NR)cMRNR is not subject
to the gauge symmetry breaking scale, the absolute scale of the right-handed Majorana neutrino
mass matrix MR can naturally be much higher, MR ≫ 〈H〉. In the second line of Eq. (2), we have
used the relationship (NR)cM
T
D (νL)
c = νLMDNR.
The overall mass matrix in Eq. (2) is symmetric and can be diagonalized by one unitary
transformation (
V R
S U
)†(
0 MD
MTD MR
)(
V R
S U
)∗
=
(
M̂ν 0
0 M̂N
)
, (3)
where M̂ν = Diag{m1, m2, m3} and M̂N = Diag{M1,M2,M3} denote the mass eigenvalues of light
and heavy Majorana neutrinos, respectively. In the limit ofMD ≪MR, the effective neutrino mass
matrix can be of the order of Mν ≈ −MDM−1R MTD , and the smallness of Mν can be attributed to
the largeness of MR. According to the unitary condition of the transformation matrix in Eq. (3),
the matrices V,R, S, U can satisfy
V V † +RR† = SS† + UU † = 1 ,
V †V + S†S = R†R + U †U = 1 , (4)
with V V † ∼ UU † ∼ O(1) and RR† ∼ S†S ∼ O(M2D/M2R).
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Moreover, the relation between the neutrino flavor eigenstates να (for α = e, µ, τ) and the mass
eigenstates νi and Ni (for i = 1, 2, 3) can be given byνeνµ
ντ

L
= V
ν1ν2
ν3

L
+R
N1N2
N3

L
. (5)
Therefore the standard weak charged-current interaction Lagrangian of leptons in terms of the
mass eigenstates can be written as
−Lcc = g√
2
(e, µ, τ)LγµV
ν1ν2
ν3

L
W−µ + (e, µ, τ)Lγ
µR
N1N2
N3

L
W−µ
+ h.c. . (6)
It is worth mentioning that we have already chosen the basis where the flavor eigenstates of three
charged-leptons are identified with their mass eigenstates. The matrix V in Eq. (6) is the so-called
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [31,32], denotes the mixing between charged-
leptons and light Majorana neutrinos and can be measured from the oscillation experiments.
While the matrix R indicates the mixing between charged-leptons and heavy Majorana neutrinos,
which can be determined from the 0νββ-decay experiments or possible collider experiments.
However, within the context of the canonical, high-scale type-I seesaw model, the mass scale of
the heavy Majorana neutrinoMR is too high to be detected experimentally. GivenMD ∼ 102 GeV,
for instance, the scale ofMR must be at the order of 10
13 GeV to generate the tiny neutrino masses
Mν ∼ eV. In principle, the scale of the type-I seesaw can be lowered to TeV or below, but this also
implies a small mixing R ∼ O(MD/MR) ∼ O(10−6), which strongly suppresses the heavy neutrino
production. In order to increase the mixing R, the total contribution to the light neutrino masses
have to be cancelled [33, 34]. Recently, it is shown in Ref. [35, 36] that if the standard model
field content is extended only by singlet fermions, the vanishing light neutrino masses implies
that lepton-number is conserved. Hence, if the lepton-number violating processes involving heavy
neutrinos are observed at colliders, one can conversely conclude that there is in fact a larger, richer
field content than initially assumed. In this work, in order to investigate the discovery potential
of heavy Majorana neutrinos at future e−p colliders, we do not address how to build a realistic
model, but simply use Eq. (6) as a phenomenological Lagrangian.
At present, the constraint on the mixing between heavy Majorana neutrinos and electrons can
be derived from the 0νββ-decay experiments [26, 27]∑
N
|ReN |2
mN
< 5× 10−5 TeV−1 , for mN ≫ 1 GeV . (7)
For the mixing between heavy Majorana neutrinos and muons, the most stringent bound comes
from the LHC experiments [37, 38]
|RµN |2 < 3.2× 10−3 − 5.0× 10−2 (at 95% C.L.) , for mN = 100− 500 GeV . (8)
For Majorana neutrinos heavier than the electroweak scale, the mixing between heavy Majorana
neutrinos and charged-leptons can be restricted by a global fit to electroweak precision data, tests
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of CKM unitarity and tests of lepton universality [39],
|ReN |2 < 2.5× 10−3, |RµN |2 < 4.4× 10−4, |RτN |2 < 5.6× 10−3 (at 95% C.L.) . (9)
As shown in Ref. [9,40], the total decay width of the heavy Majorana neutrino can be expressed
approximately as
ΓN ≃

(
3G2Fm
5
N
32π3
)∑
α=e,µ,τ |RαN |2 , mN < mW ,(
3GFm
3
N
8π
√
2
)∑
α=e,µ,τ |RαN |2 , mN > mW .
(10)
3 Heavy Majorana neutrino phenomena at ep colliders
We start by considering the process
e− + p→ e− + ℓ±α +N +X → e− + ℓ±α + ℓ±β (ℓ∓β ) +X . (11)
The relevant process at the parton level (Fig. 1) is
γ(p1) + q(p2)→ q′(p3) + ℓ±α (p4) + ℓ±β (ℓ∓β )(p5) + q1(p6) + q2(p7) , (12)
where pi (for i = 1, · · · , 7) is the four-momentum of the corresponding particle. The photon is
emitted from the electron and can be described by the photon density function [41]
fγ/e−(x) =
α
2π
[
1 + (1− x)2
x
ln
Q2max
Q2
min
+ 2m2ex
(
1
Q2max
− 1
Q2
min
)]
. (13)
Here x = Eγ/Ee with Eγ and Ee the energies of the photon and electron, respectively. α is
the fine structure constant and me the mass of electron. Q
2
min = m
2
ex
2/(1 − x) and Q2max =
(θcEe)
2(1− x) +Q2min with θc the cut of the electron scattering angle.
q, p2 q′, p3
ℓ±α , p4
ℓ±β , p5
γ, p1
W±
ℓ±α , pl
W∓
q1, p6
q2, p7
N, pN
(a)
q, p2
γ, p1
q′, p3
W± W
±
N, pN
ℓ±α , p4
ℓ±β , p5
W∓
q1, p6
q2, p7
(b)
Figure 1: Feynman diagrams at the parton level for the process γq → ℓ±α ℓ±β +X .
The cross section for the process in Eq. (11) can be written as
σ(e−p→ ℓαℓβ +X) =
∑
q
∫
dx1dx2fγ/e−(x1)fq/p(x2, µ
2) · σˆ(γq → ℓαℓβ +X) , (14)
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where fq/p(x2, µ
2) is the parton distribution function with x2 the energy fraction of q, and µ the
factorization scale. Here, we employ the CT14QED [42] for the photon distribution function and
parton distribution functions in proton. σˆ is the partonic cross section
σˆ(γq → ℓαℓβ +X) = 1
2sˆ
∫
|M|2dLips5 . (15)
Here sˆ = x1x2s is the flux factor with
√
s the electron-proton center-of-mass energy. dLips5
represents the five-body Lorentz invariant phase space of the final particles, and |M|2 is the
squared scattering amplitude averaged (summed) over the initial (final) particles.
For the convenience of the discussions on the numerical results, all the input parameters used
in our numerical analysis are listed as follows,
me = 0.51 MeV, θc = 32 mrad, µ = mN ,
mW = 80.385 GeV, ΓW = 2.085 GeV, GF = 1.166× 10−5 GeV−2, sin2 θW = 0.231 ,
|ReN |2 = 5.0× 10−6, |RµN |2 = 2.0× 10−3, |RτN |2 = 5.6× 10−3 . (16)
For the signal process, we develop a package by the help of Form [43] to generate a Fortran
code, and the numerical integration has been performed with Vegas code [44] in order to obtain a
selection of kinematic distributions. The background processes are simulated by MadGraph [45].
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Figure 2: The cross section for (a) e−p→ e−µ−µ− +X , (b) e−p→ e−µ+µ+ +X as a function of
mN .
In this work, we only consider the contribution of a single heavy Majorana neutrino and
concentrate on the di-muon production channel. We obtain the cross section for the process
in Eq. (11) at LHeC with
√
s = 1.3 TeV, FCC-ep with
√
s = 3.5 TeV and ILC ⊗ FCC with√
s = 10 TeV. The cross sections in final states with same-sign dileptons are shown in Fig. 2 as
a function of the heavy Majorana neutrino mass. The difference between σ(e−p→ e−µ+µ+ +X)
and σ(e−p→ e−µ−µ−+X) can be attributed to the role of parton distribution function fq/p(x, µ2)
and induce the charge asymmetry. To investigate this charge asymmetry, we define
AC = σ(e
−p→ e−µ+µ+ +X)− σ(e−p→ e−µ−µ− +X)
σ(e−p→ e−µ+µ+ +X) + σ(e−p→ e−µ−µ− +X) . (17)
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mN [GeV] 5 10 20 40 60 80 100
LHeC 0.245 0.240 0.246 0.228 0.236 0.199 0.257
FCC-ep 0.187 0.169 0.149 0.144 0.142 0.191 0.158
ILC⊗FCC 0.127 0.108 0.107 0.085 0.089 0.106 0.066
Table 1: The charge asymmetry function AC for different heavy Majorana neutrino mass mN at
LHeC, FCC-ep and ILC⊗FCC.
The numerical results of AC as a function of mN are listed in Table 1.
We also investigate the process e−p→ e−µ−µ+ +X of the opposite-sign dileptons, the corre-
sponding cross sections as a function of mN are displayed in Fig. 3. For this process, the standard
model process for the µ−µ+ production via a Z0 or a virtual photon is the dominant background
and can be greatly reduced by the constraint for the invariant mass of the µ−µ+ pair.
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Figure 3: The cross section for e−p→ e−µ−µ+ +X as a function of mN .
Similar as Eq. (11), we study the process e− + p→ νe + ℓ−α +N +X → νe + ℓ−α + ℓ±β +X , its
cross section can be written as
σ(e−p→ ℓαℓβ +X) =
∫
dx1fγ/p(x1, µ
2) · σˆ(γe→ ℓαℓβ +X) , (18)
where the photon is emitted from the proton and can be described by the photon distribution
function fγ/p(x, µ
2). The results of the corresponding cross sections related to µ−µ± channels are
shown in Fig. 4. As we employ the “Improved Weizsacker-Williams” approximation in Eq. (13)
for the photon emitted from the electron, we are inclusive with respect to final-state e− below
an angle θc, and hence cannot distinguish the neutral current splitting e
− → γ∗e− (θ < θc) from
the charged current splitting e− → W ∗νe. After considering the significant impact of the process
e−p→ νeµ−µ− +X , we redefine the charge asymmetry as
A′C =
σ(e−p→ µ+µ+ +X)− σ(e−p→ µ−µ− +X)
σ(e−p→ µ+µ+ +X) + σ(e−p→ µ−µ− +X) , (19)
and list the numerical results of A′C in Table 2.
In the following, taking the process Eq. (11) as an example, we investigate the transverse
momentum distributions and reconstructed invariant mass distributions of the final state same-
sign dileptons and jets for the process e−p→ e−µ±µ±+X . Our signal process includes 2 same-sign
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Figure 4: The cross section for (a) e−p → νeµ−µ− +X , (b) e−p → νeµ−µ+ +X as a function of
mN .
mN [GeV] 5 10 20 40 60 80 100
LHeC 0.142 0.116 0.103 0.062 0.058 0.012 0.043
FCC-ep 0.108 0.079 0.050 0.030 0.017 0.055 0.017
ILC⊗FCC 0.077 0.055 0.045 0.017 0.019 0.023 -0.018
Table 2: The charge asymmetry function A′C for different heavy Majorana neutrino mass mN at
LHeC, FCC-ep and ILC⊗FCC.
muons and 3 jets besides the electron. The muon (jet) originating from N decay is denoted by
ℓβ (j1,2) and that produced in association with N is denoted by ℓα (j3). For charged-leptons,
the transverse momentum differential distribution is defined as 1/σdσ/dpℓT = 1/σ(dσ/dp
ℓα
T
+
dσ/dp
ℓβ
T
)/2. For jets, the transverse momentum of j1,2 is found to be softer than j3. Analogously,
we define 1/σdσ/dpj
T
= 1/σ(dσ/dpj1
T
+ dσ/dpj2
T
)/2. In Fig. 5, we plot the normalized transverse
momentum distributions 1/σdσ/dpℓ,j,j3
T
for mN = 60 GeV. The invariant mass of the heavy
Majorana neutrino can be reconstructed from the four-momenta of the muon and two soft jets.
For the purpose of illustration, we choose FCC-ep with
√
s = 3.5 TeV. In Fig. 6, we display
the normalized differential distribution 1/σdσ/dMℓjj = 1/σ(dσ/dMℓαjj + dσ/dMℓβjj)/2 for the
reconstructed invariant mass. The peak positions imply the mass of heavy Majorana neutrino
and can be reconstructed effectively. When mN is much lower than mW , e.g. mN = 20 GeV, a
second peak appears due to the resonant production of W boson. We also show the normalized
differential distributions for the invariant mass of the lepton pair in Fig. 7.
To be more realistic, we simulate the detector effects by smearing the charged-lepton and jet
energies according to the assumption of the Gaussian resolution parametrization
δ(E)
E
=
a√
E
⊕ b, (20)
where δ(E)/E is the energy resolution, a is a sampling term, b is a constant term, and ⊕ denotes
a sum in quadrature. We take a = 5%, b = 0.55% for charged-leptons and a = 100%, b = 5%
for jets, respectively [46]. In order to identify the isolated charged-leptons and jets, we define the
angular distribution between particle i and particle j as
∆Rij =
√
∆φ2ij +∆η
2
ij , (21)
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Figure 5: The normalized transverse momentum distributions (a) 1/σdσ/dpℓT and (b) 1/σdσ/dp
j,j3
T
for mN = 60 GeV at 1.3 TeV LHeC (solid), 3.5 TeV FCC-ep (dash), 10 TeV ILC⊗FCC (dot).
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Figure 6: The normalized invariant mass distributions 1/σdσ/dMℓjj for mN = 20, 60, 100, 200
GeV at 3.5 TeV FCC-ep.
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Figure 7: The normalized invariant mass distributions 1/σdσ/dMℓℓ of (a) same-sign dileptons, (b)
opposite-sign dileptons for mN = 20, 80 GeV at 3.5 TeV FCC-ep.
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where ∆φij (∆ηij) denotes the difference between the particles’ azimuthal angle (rapidity). In the
following numerical calculations, we impose the basic acceptance cuts,
pℓT > 10 GeV , |ηℓ| < 2.5 , pjT > 10 GeV , |ηj| < 5 , (22)
min{∆Rℓℓ,∆Rℓj,∆Rjj} > 0.4 , E/T < 20 GeV . (23)
The dominant same-sign di-muon backgrounds in the standard model to our signal process come
from the W -boson pair production and its leptonical decays: e−p → e−(νe)W±W±jjjX with
W± → µ±νµ, which are simulated by MadGraph. Considering the significant impact of the
process e−p → νeµ−µ−X , we also simulate the top quark backgrounds e−p → νett¯W−X . The
“faked backgrounds” come from the detector mis-measurement, e.g. 3ℓ (or 4ℓ) + 3j final states
with one (or two) lepton lost in the beam pipe. We analyse these kinds of backgrounds and find
that they are much smaller than the same-sign di-muon backgrounds as expected. These kinds of
backgrounds are taken into account in our analysis. For the muon production channel, the charge
mis-identification is negligible due to the almost absence of photons converting to muons [47,48].
At 2σ (3σ) [5σ] significance, the required luminosity as a function of mN at LHeC, FCC-ep and
ILC⊗FCC are displayed in Fig. 8, where the statistical significance is defined as S/√B with S
(B) being the signal (background) event numbers after the basic acceptance cuts. It shows that,
with the integrated luminosity of 300 fb−1, the heavy Majorana neutrino mass can reach 110
GeV (79 GeV) [74 GeV] at LHeC, 125 GeV (88 GeV) [75 GeV] at FCC-ep and 665 GeV (425
GeV) [220 GeV] at ILC⊗FCC for 2σ (3σ) [5σ] discovery. In order to estimate the systematic
uncertainty in the background evaluation, we simply introduce a 20% background uncertainty by
scaling the background cross section σb as σb → 1.2 × σb, where 2σ discovery can be achieved
for mN = 105 GeV (118 GeV) [610 GeV] at LHeC (FCC-ep) [ILC⊗FCC] with the integrated
luminosity of 300 fb−1. Finally, we investigate the reconstruction of the heavy Majorana neutrino
after the cuts in Eqs. (22) and (23). It is easy to notice that the heavy Majorana neutrino can
be reconstructed from one muon and two soft jets. As an example, we show the normalized
differential distribution 1/σdσ/dMℓjj = 1/σ(dσ/dMℓαjj + dσ/dMℓβjj)/2 at FCC-ep (3.5 TeV) in
Fig. 9.
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Figure 8: The required integrated luminosity as a function of mN for (a) 2σ, (b) 3σ and (c) 5σ
discovery at LHeC (solid), FCC-ep (dash) and ILC⊗FCC (dot).
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Figure 9: The normalized invariant mass distributions 1/σdσ/dMℓjj for the same mN as Fig. 6 at
3.5 TeV FCC-ep with the cuts.
4 Summary
The heavy Majorana neutrinos NR are introduced to explain the minor neutrino mass in the so-
called phenomenological type-I seesaw mechanism. Due to the existence of the Majorana neutrino
mass term, we can search for the Majorana neutrinos via the lepton-number violating processes,
which have been studied in various experiments. The heavy Majorana neutrino production at
e−p colliders is an important complement to that at the hadron collider LHC. The latter is well
studied and reviewed in Ref. [49], where 2σ discovery can be made for mN = 280 GeV with
the integrated luminosity of 300 fb−1 and |RµN |2 = 0.01 in the charged lepton flavor conservation
scenario, while the heavy Majorana neutrino mass can reach 110 GeV (79 GeV) [74 GeV] at LHeC,
125 GeV (88 GeV) [75 GeV] at FCC-ep and 665 GeV (425 GeV) [220 GeV] at ILC⊗FCC for 2σ
(3σ) [5σ] discovery with the integrated luminosity of 300 fb−1. In this work, we explore the heavy
Majorana neutrino production and decay in the context of W ∗γ interaction and investigate the
related dilepton production process at future e−p colliders. The cross sections for the processes
e−p→ e−µ±µ±+X and e−p→ νeµ−µ±+X at future LHeC, FCC-ep and ILC⊗FCC are predicted.
We further investigate the process e−p → e−µ±µ± + X in detail, and obtain several differential
distributions. Combined with the results of the heavy Majorana neutrino production via single W
exchange, this work can provide helpful information to search for the heavy Majorana neutrinos
at future e−p colliders.
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